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Abstract 
In this paper we combined a flow parallel wire thermal pulse time of flow sensor with a fast response 
differential pressure flowmeter which is based on measuring the pressure drop over a micro channel. The 
combined sensor shows a characteristic curve which is independent of temperature. The response time of 
the combined sensor is at a range of milli seconds. The advantages of both sensors were obtained and 
their specific drawbacks have been avoided.
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [CEIS 2011 
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1. Introduction 
Micro flow sensors are usually based on either the heat taken away from a hot wire by the flow or the 
pressure drop over a capillary or aperture [1]. Both principles show the disadvantage that the characteristic 
curve varies with temperature. Therefore, it needs to be calibrated to a certain temperature before using. If 
the temperature is not known, it is impossible to obtain a reliable measurement of the flow. And if the 
temperature changes during the measurement, it will give rise to significant error.  
There are only a few ways to avoid this problem, most of which require either a comparatively 
complex design or additional temperature compensation [2]. Recently a fluid properties insensitive sensor 
has been developed, which shows a characteristic curve as a weak function of different fluids employed 
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[3]. In this sensor, a gold sensor wire is arranged in the center of a micro channel and parallel to the flow 
direction. Thus it is called flow parallel wire (FPW). A heat pulse is generated by an electrical current 
through a copper heat coil. The arrival of the heat pulse is then measured by the FPW located in the 
downstream part of the channel. The time is measured between generating the heat pulse and arrival of 
the maximum of the temperature peak at the sensor wire. As a consequence, the reciprocal of the flow 
time should be proportional to the mean flow velocity. Compared to other thermal pulse time of flight 
flow sensors, FPW shows a smaller influence of different fluid properties on the characteristic curve [3, 
4]. Since different fluids have different density and viscosity, which in general are functions of 
temperature, FPW can also suggest a temperature insensitive flow sensor. However, the disadvantage of 
all thermal pulse time of flight flow sensors (including the FPW) is a long response time caused by the 
need to wait until the heat pulse reaches the sensor wire (e.g. 2 s at 10 mL/min).  
On the contrary, a differential pressure flowmeter shows a strong dependency of temperature, but it 
has a fast response time (at the range of milli seconds).  
Therefore, it is necessary to combine FWP and differential pressure flowmeter together. That way, the 
advantages of both sensors will be acquired and their specific drawbacks could be avoided. The combined 
sensor is independent of temperature and has a fast response time.  
2. Sensor Design  
Figure 1(a) shows the micro channel design of the differential pressure flowmeter schematically. In 
principle, the pressure drop Δ p generated over a capillary consists of two terms describing the friction 
due to the viscosity η of the fluid in the channel and the energy loss required to accelerate the fluid in the 
narrower part of a flow channel: 
Δ p = –32 (η b / dh2) v – (ρ / 2) v2 (1) 
In the above equation  b, dh, ρ, η and v are length of the capillary, its hydraulic diameter, density of the 
fluid, viscosity of the fluid, and mean flow velocity, respectively. The first term of Eq. 1 is linear in the 
flow velocity. Therefore, it is preferred when the first term dominates the characteristic curve of the 
sensor. This is achieved by a long capillary with a small hydraulic diameter which is calculated from 
height h and width d of the capillary as: 
dh = 2 h d / (h + d)       (2) 
Figure 1(b) shows the measured pressure drop as a function of flow rate and dimensions of the channel.  
                
Fig. 1. (a) Micro channel design; (b) Pressure drop over the micro channel as a function of flow rate and dimensions  
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Table 1. Dimensions of micro channel 
No. H (mm) D (mm) L (mm) h (mm) d (mm) l (mm) b (mm)
1 1 3 60 0.15 0.25 10 2
2 1 3 60 0.2 0.3 10 2
3 1 3 60 1 0.5 10 2
4 0.3 0.3 60 0.3 0.3 9 9
Table 1 shows the dimensions of micro channels (cf. Fig. 1). From Fig. 1(b) it is clearly seen that, if a 
capillary with dimension shown in No.4 of Table 1 is employed, the pressure drop can be nearly a liner 
function of flow rate. The liner part in Eq.1 plays a significant role, so the pressure drop is mainly 
dependent of viscosity. Although capillary No.4 has a smaller cross-section and longer length compared 
to No.3, the pressure drop is decreased if there is no constriction. Capillary No.4 with a smaller pressure 
drop and liner output, which is preferable in application, is employed in the following experiments.  
3. Experiments 
The characteristic curves of both measuring the pressure drop over a capillary and the FPW were first 
taken individually and afterwards the behavior of the combination of the two sensors was investigated. 
Figure 2 shows the experimental setup of the measurements. A constant fluid flow was provided by a 
syringe pump. A function generator provides a pulse signal to the heating coil. The heater was driven with 
100 ms long current pulses of 2 A. The quick response time of measuring the pressure drop over a 
capillary was combined with the reliable characteristic curve of the FPW by calibrating the characteristic 
curve of the pressure sensor every 5 s with the signal from the FPW. The mean value of the output 
voltage of the pressure sensor was calculated for 5 s and then the slope of its characteristic curve was 
calculated from the flow velocity known from the FPW. 
Fig. 2. Experimental setup  
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Fig. 3. (a) Measured pressure drop over the capillary as a function of flow rate and temperature; (b) Measured time of flow between 
the start of the heater pulse and the arrival of the maximum at the sensor wire of a FPW as a function of flow rate at different
temperature. 
3.1. Pressure drop over capillary 
The pressure drop over a capillary, 0.3 mm × 0.3 mm × 9 mm in height, width, and length, 
respectively, is measured. A constant flow was generated with a syringe pump through the capillary 
described above and the pressure drop over the capillary was measured as a function of flow rate. The 
pressure sensor is able to measure pressure changes within milli seconds. 
Experiments were performed with water at different temperature in a climatic cabinet. The entire 
syringe pump and the sensor were placed into the climatic cabinet to ensure that the water was at the same 
temperature as the environment in the chamber. To avoid discontinuities in the flow attributed to the 
syringe pump, the mean value of 10 measurements was calculated for every data point.  
Viscosity in general is a function of temperature. As a consequence, the pressure drop over a capillary 
is also a function of temperature. The results in Fig. 3(a) show that the characteristic curve of the pressure 
drop over the capillary is a function of temperature, although the change of the viscosity of water as a 
function of temperature is small compared to other fluids such as oil.  
When used alone, the flow sensor based on pressure drop measurement has quick response time, but 
the accuracy will be decreased when there is temperature fluctuation. Therefore, further calibration is 
needed. 
3.2. Flow parallel wire 
When the flow parallel wire (FPW) shown in Fig. 2 is employed to measure the time a heat pulse 
needs to travel from the heater to the sensor wire, the characteristic curve measured doesn’t show a 
function of temperature. Characteristic curves at 10ć, 20ć and 30ć all show similar time of flow as 
shown in Fig. 3(b).  
FPW shows a characteristic curve independent of temperature, but it has a long response time (e.g. 2s 
at 10 mL/h). And the output is not a continuous signal. It only appears every 5 s due to the heat pulse. If 
the flow is changed during this time, FPW can not recognise this change in time. 
3.3. Combination of pressure sensor and FPW 
The measurement of the pressure difference over a capillary has been combined with a FPW by 
calibrating the pressure sensor every 5 s with the measurement from the FPW (cf. Fig.2). 
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Fig. 4. Output of the combined sensor when flow rate is continuously changed from 50 mL/h to 38 mL/h and 32 mL/h.  
It is shown in Fig.4 that a quick response is obtained from the combination of the two sensors because 
the pressure sensor shows a short response time. The observed reaction time of the sensor is 250 ms. This 
reaction time is not attributed to the sensor but to the switching time of the syringe pump. 
As shown in Fig. 4, the output signal of the combined sensor reacts immediately when the flow is 
changed gradually from 50 mL/h at 4 s to 38 mL/h at 8 s. 3 seconds later, flow rate continuously changed 
to 32 mL/h at 13 s, and maintains this value until 20 s. However, this can not be exactly measured by 
FPW, which can only show the jump step after every 5 s. Meanwhile, the quick changes generated by the 
unsteady flow of the syringe pump are shown by the combined sensors and not by the FPW with its large 
response time. 
4. Conclusions 
A quick flow sensor has been calibrated with a flow parallel wire (FPW) periodically. The output of 
the FPW is independent of the fluid temperature. This arrangement of a quick sensor with a FPW 
combines the advantages of both sensors. The combined sensor is not affected by the temperature of the 
fluid and it is as quick as the sensor with the short response time. 
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